By reviewing twelve previous studies on the relationship between the weather and arthritis symptoms, this article summarized the major findings on this controversial topic. It has been supported by most of the studies that arthritis symptoms are associated with weather conditions. Factors such as barometric pressure and temperature were generally believed to be related to arthritis symptoms. However, controversies arose at minor levels. Whether the weather-symptom relationship depends on the specific type of arthritis, weather variables, demographic and pathological heterogeneity of the patients is still a matter of debate. This article calls for standardization in future research design, and hope the mechanism underlying the weather-symptom association will be found.
Introduction
Arthritis is one of the most common chronic diseases we can find in daily life. From a clinical point of view, pain is the major complaint by individuals who have arthritis, but, interestingly, many patients frequently perceive a relationship between weather conditions and arthritic symptoms. According to a telephone questionnaire done in Australia, 92% of the participants thought their symptoms would be affected by the weather change. Moreover, 48% of the participants believed that the weather can be predicted by their feeling of symptoms. 1 Arthritis is a form of joint disorder which involves inflammation of one or more joints. Joints are complex structures consisting of bone, cartilage, ligaments, capsule and synovium. Problems in different parts of a joint will cause different types of arthritis. It is estimated that there are more than 100 types of arthritis, but the most common forms are osteoarthritis (OA) and rheumatoid arthritis (RA). OA is a complex disease of the entire joint, affecting bone, cartilage and synovium. 2 A hallmark of the disease is progressive degeneration of articular cartilage and subsequent joint space narrowing. In addition to genetic risk factors, known risk factors for OA are age, significant trauma, altered gait, altered biomechanics, and excessive loading on the affected joint. 3 RA is a chronic immune-mediated disease primarily affecting the synovial membrane of diarthrodial joints, although other compartments may be involved in course of the disease. 4, 5 The synovial lesion in RA is characterized by resident cell proliferation, increased vascularization and infiltration of innate and adaptive immune cells. 6, 7 Collectively, localization of inflammation to the synovium is primarily responsible for the deregulated cellular and molecular mechanisms that ultimately lead to the typical signs and symptoms of RA. 8 According to the report of Arthritis Foundation, 9 there are about 27 million Americans affected by OA while another 1.5 million affected by RA. Patients of both types have symptoms of joint pain, stiffness and physical disability. It is widely accepted that arthritis patients tend to be weather sensitive. Historically, the pain-weather relationship has attracted interest since the classical Roman age. 10 In the past two decades, more and more research has been conducted, but results have turned out to be largely inconsistent. This area of uncertainty has contributed to the complexity of the original question: is there a relationship between weather and arthritis symptoms? If yes, what kind of relationship is it?
Conflicting findings regarding this issue arise at three different levels. First, as regard the question is weather associated with arthritis symptoms, some studies claimed that weather conditions, or at least some of the meteorological factors, did associated with patients' arthritis symptoms. 1, [10] [11] [12] [13] [14] [15] However, others argued that their overall findings did not support this belief, or there might be association but it is not clinically significant. 16 Some even concluded that weather sensitivity is a highly individual phenomenon, which means the association exists in some patients but cannot be found in others. 17 Secondly, among the studies which support the idea that weather would influence arthritis symptoms, there are disagreements on which weather variables are involved. For studies focused on OA patients, some found that temperature is associated with pain, 11, 15 while some denied the association. 10, 12, 13, 18 The pain-humidity correlation was supported in one research, 12 but failed to be supported in other two researches. 10, 11 The relationship between pain and precipitation was also controversial, which was proved by one study, 15 but disproved by other four studies. [11] [12] [13] 18 Similarly, there is no consensus in RA researches. The association between temperature and pain in RA patients was found in some researches, 10,14-16 but not in others. 17 Also, some showed that pain and humidity was related, 16 but others did not. 10, 14, 17 Barometric pressure was considered to have influence on pain in some studies, 15, 16 but this belief was not supported by other studies. 10, 14, 17 The findings of pain-sunshine association in RA patients conflicted as well, with one supporting it, 16 while another not supporting it. 14 Thirdly, even among those who believed there was a correlation between two certain variables, the form of the correlation can be contradictory. For example, three studies proved a significant association between barometric pressure and OA pain, but one claimed the correlation was negative, 10 and two found it was positive. 11, 15 Although a number of studies have been done in the latest two decades, questions relating to weather-symptom relationship in arthritis patients still remain nonconclusive.
Objectives and importance
Since the outcome of previous studies varied greatly and some findings were even contradictory, it would be necessary to review these studies and try to explain the causes of their differences. By doing so, not only some controversies can be clarified, but also shortcomings in research design can be avoided in future studies. The objectives of this paper are as follows: i) to review and summarize previous studies on weathersymptom relationship; ii) to compare and explain their differences; iii) to provide suggestions for future studies. 
Results and Discussion
A total of 12 reports discussing the relationship between weather and arthritis symptoms are included in this review, with 4 targeted at OA patients, 3 targeted at RA patients and 5 having a mixed sample of OA and RA patients. Table 1 summarizes the major findings of each study, showing which weather factors were involved, which of them were proved to be symptom-related and which were not (Table  1) . [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] In Table 1 while 57% claimed to have ability to forecast weather; arthritis symptoms were significantly contributed by Beck depression score (psychological factor); the results did not prove or rule out the presence of weather-RA association OA, osteoarthritis; RA, rheumatoid arthritis; T, temperature; BP, barometric pressure; RH, relative humidity; P, precipitation; WS, wind speed; S, sunshine; DP, dew point; DPT, dew-point temperature; WVP, water vapor pressure; CC, cloud cover; SESC, The Space Environment Services Center (SESC) sunspot; SRF, solar radio flux; TH, thunderstorms; AS, average snowfall; E, evaporation. be symptom-related in 7 studies. However, barometric pressure and temperature were found unrelated to arthritis symptoms in 2 and 5 studies, respectively. Precipitation was mentioned in 10 studies, but half of them did not support the belief of rain-symptom association. As for relative humidity, although it was included in 9 of the 12 studies, its association with arthritis symptoms was confirmed by 4 studies and denied by 4 studies. Sunshine and wind speed were also considered, but few findings supported their association with arthritis symptoms (1/6 and 0/4 respectively). It seems that symptoms of arthritis patients are most likely to be influenced by pressure and temperature, while the impact of precipitation may be minimal (Table 2) . However, results would be more complicated if the data was stratified by patients' arthritis type (OA or RA). There are originally 4 studies focusing on OA patients and 3 on RA patients, but since two of the studies with mixed sample treated OA and RA separately, 10,15 each of them can be regarded as two studies and added to the OA and RA catalogs. Previous findings about weather-symptom relationship stratified by arthritis type are as follows (Table 3) .
It is clear from Table 3 that all of the 6 studies focusing on OA supported the belief that barometric pressure was associated with OA pain. 4 out of 6 studies showed that temperature and precipitation were not associated with OA pain. By contrast, temperature was considered to be pain-related among RA patients, with 4 out of 5 supporting this view. Relative humidity and barometric pressure seems to be pain-unrelated because their association with RA pain was denied by 3 out of 5 RA studies. Overall, based on the findings of 12 studies, OA pain is likely to be associated with barometric pressure while RA pain is likely to be associated with temperature. Temperature and precipitation do not seem to be related to OA pain, and humidity and barometric pressure do not seem to be related to RA pain. Although similarities can be found in these findings, most data still remain inconsistent and requires further investigation.
Why differences occur? Factors influencing the relationship between weather and pain
Weather-symptom association among arthritis patients has been extensively explored by researchers but most of the findings are controversial. The causes of those differences are not clear, but we try to explain why these differences could possibly occur from three perspectives: i) variable, ii) sample, and iii) methodology.
Variable
What kind of results one can get largely depends on what weather variables were set and how they were controlled. Weather variables varied from study to study. Among the 12 studies being reviewed, a total number of 17 weather variables were mentioned, but only barometric pressure and temperature were included in every study. Most studies used individual weather factors and investigated their effects on arthritis symptoms separately, but some suggested that weather variables are highly correlated so the combined effects need to be considered as well. Actually, in a research about weather and pain in fibromyalgia (not included in the 12 studies), researchers used a composite daily weather variable which was calculated from indices like barometric pressure, temperature, humidity, sunlight, cloudiness etc. 21 Moreover, an earlier study which was conducted in a climate-controlled chamber showed that arthritis pain increased only when humidity increased and pressure decreased at the same time. There was no change in patients' pain perception if only one of them changed. 22 In addition, the same weather variable may have subtle differences in different studies, which may also lead to different results. For example, the effects of sunlight on arthritis symptoms were considered in 6 of the 12 studies, but some measured sun hours of a day while some calculated average days of sunshine during a period. Also, with the same attempt to investigate the association between weather and symptoms, some studies took into account the direction of change in weather indices while some did not, and that may explain inconsistent results, too. For example, conflicting outcomes were found in the relationship between barometric pressure and OA pain. Some claimed a positive correlation between them, 11, 15, 18 while some thought it should be a negative correlation. 10 However, one study indicated that it was the absolute change in barometric pressure that caused increased OA pain. 13 That means, regardless of the direction of pressure change, OA pain would increase as a result of pressure change. If that argument could be supported by further studies, inconsistency in results about painpressure association would become understandable.
Patients
Differences in the sample of patients would also cause different results. First of all, it is clear from Table 3 that weather variables had different influence on different types of arthritis (OA and RA). Barometric pressure was likely to be associated with OA pain rather than RA pain, and temperature was likely to be associated with RA pain instead of OA pain. Therefore, results of studies with mixed sample may be confounded by such difference.
Secondly, gender and pain sites may also influence the weather-symptom association. When describing the sample, 8 of the 12 studies mentioned gender of their participants, 1, 11, [14] [15] [16] [17] [18] [19] and 8 of them reported the exact gender ratio. 1, 11, 14, 16, 17 This may due to statistical recording, because most of the studies did not consider the role of gender in their analysis. However, some studies still indicated that weather sensitivity varied between the two genders, and women were more sensitive to weather than men. 15 The site of pain was specified in 4 of the 12 studies, [11] [12] [13] 18 with two having hip OA participants only, 12,13 one having knee OA participants only and one having participants with OA on neck, hand, shoulder, knee and foot. 11, 18 The study with patients having specified but different pain sites claimed that pain scores varied by site, and most of the weather-symptom associations were non-significant except among women with hand OA. 18 If such association only existed in certain sites of arthritis, findings of different studies would have conflicts.
Another important factor in sampling is participants' geographic location of residence. Obviously, the weather of a region is related to the local climate. From a long-term perspective, weather conditions in a wet, cold climate can be very different from that in a dry and warm climate. If weather was associated with arthritis symptoms, would the association be influenced by regional climate? Is symptoms affected by weather in the same way, to the same extent, in different parts of the world? Those questions still remain unclear. A research showed that from a questionnaire survey done in 4 cities in U.S. the influence of weather on arthritis was not found to be associated with regional climate, but that has not been proved by scientific evidence.
There are other sample-related factors that may influence the research findings of weather-symptom relationship, such as participants' age, severity of disease and meditation usage, which can be highly individual. Since little is known about the effect of demographic variables on arthritis symptoms, it is difficult to tell whether the inconsistent findings of previous studies are caused by differences in sample.
Methodology
There is a wide variety of methodological differences in the previous studies but this article mainly reviewed the differences in data collection and data analysis. Two kinds of data were collected in each study: weather indices and symptom (pain, stiffness, function) scores. Weather indices were mostly recorded from the national or local weather stations, but regarding symptom scores, some used standardized format such as Visual Analogue Scale (VAS), 10, 12, 13, [16] [17] [18] 20 or The Western Ontario and McMaster Universities Arthritis Index (WOMAC), 11, 12 while some designed their own questionnaires and measurements. 1, 15, 19, 20 As for the frequency of data recording, some do it once a day, [10] [11] [12] [14] [15] [16] [17] 20 some on weekly basis, 18 some do it every three months, 12 and some recorded 4 times per day and calculated the mean value. 1 The total duration of observation also ranged from dozens of days to several years. For data analysis, the methods adopted by previous studies varied as well. One of the studies compared the major analytic methods in other studies, which include simple correlation analysis, aggregated analysis and time series analysis. According to that article, simple correlation analysis is likely to overestimate the influence of weather while aggregated analysis tends to underestimate that influence. Since the association between weather and arthritis symptoms is complex and hard to identify, time series methodology is recommended by the authors. 17 Whether time series is the best way to analyze weather-symptom association is still debatable, but at least it can be seen that different ways of data analysis can possibly lead to different results.
Limitations
Researches about weather-symptom relationship being mentioned in this article have similar limitations. Firstly, most of the studies had small sample size which was under 100. 1, 10, 13, [15] [16] [17] 20 In two of the studies, the number of participant was less than 40, 1,17 which was not very representative and reliable. Secondly, samples were heterogeneous in term of arthritis type, gender, pain sites, severity of disease, meditation usage etc., and that heterogeneousness may act as confounders of weather effects. Moreover, the observation periods in the studies were not very long, most of which only lasted for 1 to 2 months. If weather effects on arthritis symptoms were influenced by seasonal changes, which were indeed proved by some studies, findings based on short-term observations would be unable to present the association in a comprehensive way. Another problem is about how to control weather variables. In reality, weather variables like temperature, humidity and barometric pressure are highly interrelated and can hardly be controlled and studied separately. Higher level of pain and physical incapacity may be caused by some combined effects such as a combination of temperature decrease and humidity increase. Therefore, it would be difficult to argue that certain weather variables affect arthritis symptoms independently. On the other hand, if we group up some variables to become a new factor, e.g. temperature + humidity, we would probably have difficulty assigning meaning to it.
Most importantly, psychological misattribution was seldom assessed in the previous studies. From the daily experience, arthritis patients have the anecdotal belief that weather has influence on their symptoms, and the most prevalent belief is that joint pain gets worse when it is cold and damp. Because of that, even if the participants were not aware of the hypothesis of the study, they might still associate their arthritis symptoms with observable weather factors and reflect that suspicion on the questionnaires or dairies that they were asked to finish. That would obviously bias some associations explored by researchers.
Further investigation and recommendation
So far, there still is lack of large-scale, largesample, long-term, well-controlled and wellconducted researches to prove the weathersymptom relationship and psychological factors such as patients' anecdotal beliefs have not been fully considered in the explanation. Future studies are supposed to improve their research design and conduct in those aspects, but at the same time, efforts should be made to increase the comparability of different studies and try to understand the underlying mechanism of weather-symptom association.
Previous studies varied greatly in terms of variable, sample and methodology, and that would probably lead to inconsistent results. The lack of uniform method has increased the difficulty of comparison. Therefore, it is suggested that researchers should come up with some standardized methods to enhance the comparability of different studies, for example, whether do the recording in the morning or before bed, whether use VAS or WOMAC, and whether adopt simple correlation analysis or time series analysis etc. By doing so, the generalizability of one study could be improved as well. Arthritis is a common disease but its pathology remains largely unknown. Hopefully, there might be well-designed, well-conducted and comparable studies in the future, but without knowing the mechanism behind the weather-symptom relationship these studies are not going to be of clinical significance. Some studies tried to explain the biological mechanism of weather-symptom association. For example, intra-articular pressure is normally lower than barometric pressure, but one study found that when barometric pressure decreases and equals the intraarticular pressure, the hip joint shows 8 mm of subluxation. 23 That may explain why barometric pressure has influence on arthritis symptoms. Further studies are supposed to explore not only the subjective weather-symptom association, but also find out the objective mechanisms in action. 
Conclusions
To sum up, whether arthritis symptoms are influenced by weather is still non-conclusive, but relevant researches have been conducted to investigate the relationship between weather conditions and arthritic symptoms. Most of the results have showed a possible relationship between them but the significance of the relationship is still controversial and the correlations between each two variables remain debatable. Essentially, answering the question can arthritis predict weather requires deeper exploration of the relationship between meteorological factors and arthritic symptoms, and such exploration can be valuable. If the relationship can be clearly defined and proved in the future, as researchers mentioned, it will contribute to the non-pharmacological treatments of arthritic patient and help them live a better life by avoiding harmful weather factors. 10 Therefore, researches with large scale, large sample, long observation period and well-controlled variables are required in the future, in order to provide supplementary treatments and improve arthritic patients' quality of life.
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